ABSTRACT Cholecystitis is a common disease with a high incidence, and attracts much attention. It not only harms human health, but also affects quality of work and life. Therefore, the choice of a suitable treatment is badly important for patients. In this paper, a novel selection model of treatments for cholecystitis based on hybrid multiple-criteria group decision-making (MCGDM), which is helpful to choose the most suitable treatment in the case of asymmetric information between doctors and patients. Subsequently, subjective and objective criteria are comprehensively taken into account in the index system of the selection model for cholecystitis, and combines 2-tuple linguistic with quantitative data analysis. Besides, the evaluation information obtained from the patient's conditions, the treatment and the hospital's medical status, etc., including real numbers, interval numbers, and linguistic labels with multi-granularity, is more complete and real. And the 2-tuple linguistic model is used to unify the non-homogeneous information, so the treatment selection is accurate and reliable. Simultaneously, for the unknown index and criteria weight, the improved entropy weight method and the BWM (best-worst-method) are utilized to figure out the index weight and criteria weight, respectively. Further, TODIM (an acronym in Portuguese for interactive and multicriteria decision-making model) method based on the prospect theory is applied to solve the prioritization of cholecystitis treatments, and give full consideration to the decision maker of risk aversion. Eventually, an empirical study of treatment selection for cholecystitis is conducted. Sensitivity analysis and comparative analysis indicate that the proposed selection model of treatments for cholecystitis patients is reliable and effective.
I. INTRODUCTION
Cholecystitis is a common disease with a high incidence and attracts much attention. According to its clinical manifestation, cholecystitis can be divided into two kinds of types, including chronic cholecystitis and acute one. The latter is accounting for up to 5% of emergency room visits
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and 9% of hospital admissions [1] . It not only harms human health, but also affects quality of work and life. Therefore, the choice of treatments is greatly important for patients. Also, before selecting appropriate treatments for patients, it is extremely essential to evaluate the situation, including the patient's situation and the conditions of all parties in the hospital. According to the different evaluated situations, different treatments are selected. Moreover, treatment selection for VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ Cholecystitis is usually made by a group of experts. So, it is a group decision-making problem affected by various factors: gallbladder characteristics, treatment situation, treatment outcomes, hospital medical condition, medical equipment and resources. Although some progress has been made in previous studies, some problems remain to be solved. First, clinical evaluation system include both subjective and objective criteria. The existing methods only considered the information of a patient's conditions or surgical conditions [2] - [4] . Second, Decision-makers can judge the alternatives by fuzzy numbers [5] , interval-valued numbers [6] , intuitionistic fuzzy numbers [7] , interval-valued intuitionistic fuzzy numbers [8] probabilistic interval-valued hesitant fuzzy numbers [9] or with hesitant fuzzy sets [10] - [12] . Hence, subjective and objective criteria that combine 2-tuple linguistic with quantitative data analysis have not been fully applied in clinical medical decision-making. Third, according to the conditions of patients and the hospital, the evaluation of cholecystitis treatment can be evaluated by hospitals, patients, and experts rather than by the case or experts. Thus, there will be vague and inaccurate evaluation information, which cannot be expressed in quantitative form, but only in qualitative one.
Therefore, to overcome the above shortcomings, a novel model of treatment selection for Cholecystitis patients should be proposed. First, the conditions of patients, surgery, and hospital as well as the subjective and objective criteria should be considered comprehensively. Then, the partial use of information with vague and inaccurate cannot be expressed in quantitative form. So we shall use different types of information, including real numbers, interval numbers and the linguistic values with multiple granularity. And to unify heterogeneous information, we shall utilize the 2-tuple linguistic model and transform them to into 2-tuple linguistic [13] , which overcomes the disadvantage of information loss and distortion, and guarantees the continuity of the linguistic evaluation information. Third, to solve the problem of ranking with unknown criteria weights, for the general preference relations, decision makers need to compare alternatives pairwise, leading to at least n(n−1)/2 or n(n−1) times of comparisons. So, Rezaei [14] proposed a novel method, called the best-worst-method (BWM) about multi-criteria decisionmaking problems, to compute subjective weight with lesser comparison data in conjunction with more consistent comparisons [15] . BWM method is adopted to settle the criteria weights. Thus, the criteria weights are reliable and more accurate. Finally, to deal with the priority order of treatments, we shall use TODIM (an acronym in Portuguese for interactive and multi-criteria decision-making model) based on the prospect theory. Compared with other multi-criterion decision making methods, such as TOPSIS (the technique for order of preference by similarity to ideal solution), TODIM method give full consideration to the decision maker of risk aversion. Also, it can adjust the parameters to reflect preference of decision makers, and describe the psychological behavior of decision makers [9] . Therefore, the proposed selection model of treatments for cholecystitis patients based on TODIM is a suitable method to solve multi-criteria decision making problems considering the psychological behavior of decision makers, and more in line with the actual decision.
From what has been discussed above, the aim of this study was to design a selection model of treatments for cholecystitis before select the suitable treatments, which is based on heterogeneous information MCGDM including precise or uncertain evaluation values. This model was designed to help experts and the patients select the most appropriate cholecystitis treatments by using TODIM. It might be helpful in the clinical decision making. The contributions of this paper are summarized as follows: (1) An index system of Cholecystitis treatments, combines 2-tuple linguistic with quantitative data analysis, comprehensively considering subjective and objective criteria is established. (2) Heterogeneous information including real numbers, interval numbers, and linguistic labels with multi-granularity is taken into account to evaluate comprehensive situation of Cholecystitis treatments. It makes evaluation results more complete and reliable. And we shall use the 2-tuple linguistic model to unify the nonhomogeneous information; (4) for the unknown index and criteria weight, the improved entropy weight method is utilized to determine the index weight and the BWM method is employed to compute subjective criteria weight; (4) The TODIM method for multi-criteria group decision making is employed to help experts and the patient to choose the most appropriate Cholecystitis treatments; (5) through an empirical study of a particular patient, the implementation process of the proposed selection model of treatments for cholecystitis in the paper is described in detail.
The rest of this paper is organized as follows. In Section 2, previous studies are reviewed briefly. In Section 3, some basic concepts and definitions, including the 2-tuple linguistic representation model and the processing of unifying heterogeneous information, are introduced. Subsequently, in Section 4, a selection model of treatments for cholecystitis based on MCGDM for early gastric cancer is developed. In Section 5, an experimental example and results are presented concretely. Sensitivity analysis and comparative analysis are illustrated to validate the proposed method. Finally, Section 6 summarizes the paper and provides some possible directions of future research.
II. LITERATURE REVIEW
Recently, many evaluation indices of surgical treatments have been studied. Many scholars have researched surgery performance; for instance, Ambe et al. [16] proposed a preoperative clinical scoring system for acute cholecystitis, considering patient-dependent parameters such as age, gallbladder wall thickness, and Chenabc [3] analyzed medical technology on the basis of considering survival rate, complication, probability of a cure, side-effect, hospital stays, and efficacy, etc. Li et al. [17] developed an index system selecting early gastric cancer surgery considering hospital conditions such as medical technical level, teamwork capacity, medical equipment. Based on the indices involved in the above studies, there are no studies taking into account subjective and objective criteria simultaneously, and the conditions of medical technology in the hospital have not been considered in the evaluation of treatment. However, in fact, the key factors affecting the selection of cholecystitis treatment may be subjective, objective, or both. Thus, the conditions of patients, surgery, and hospital as well as the subjective and objective criteria should be considered comprehensively.
Multiple criteria group decision-making methods have been increasingly applied in the medical and healthcare decision making. Pisanu et al. [4] and Ali et al. [18] used crisp numbers and interval numbers to evaluate surgical performance. Ali et al. [18] applied neutrosophic sets [19] - [21] in a recommender system for medical diagnosis. Zhai et al. [22] applied probabilistic linguistic labels in a personal hospital selection recommender system. Grosan et al. [23] proposed a multiple criteria procedure and applied an evolutionary scheme to medical diagnosis and treatments. Tamanini et al. [24] developed a multiple criteria model for aiding in decision making on the diagnosis of Alzheimer's disease. Li et al. [17] proposes a novel selection model of surgical treatments for early gastric cancer based on heterogeneous multiple-criteria group decision-making (MCGDM), which help select the most appropriate surgery. Further, great progress has been made in the study of multi-criteria group decision making. And many multi-criteria group decision making methods based on quantitative data are proposed for solving such problems. Due to the complexity of the evaluation objects and the fuzziness of human thinking, it is difficult to obtain accurate evaluation values without high costs [25] . Consequently, many multi-criteria group decision making problems in the real world cannot be evaluated in a quantitative form, but in a qualitative one, i.e., with inaccurate or vague knowledge. In that case, a better method may be to use linguistic assessments instead of numerical values. The existing methods for solving MCGDM problems with linguistic include the following types: transforming the information of linguistic evaluation is into fuzzy numbers [1] , [4] ; applying the cloud model [13] , [15] ; and using the 2-tuple linguistic representation model for computing with words to solve MCGDM problems [16] , [19] , [20] . The 2-tuple linguistic model overcomes the disadvantage of information loss and distortion. At the same time, it guarantees the continuity of the linguistic evaluation information, and makes the results of the linguistic evaluation information practical and understandable. In this paper, we shall utilize the 2-tuple linguistic representation model to deal with heterogeneous information, including numerical values, interval values, and linguistic terms with multi-granularity.
On the other hand, for solving multi-criteria decisionmaking problems, reasonable weight determination is important. There are generally two kinds of weight determination methods, including subjective weighting method and objective one. In regard to the method of subjective weight, many scholars have made great progress. The subjective weights can be determined by fuzzy analytic hierarchy process (AHP) [26] , maximizing deviation method [27] , probabilistic method [28] or values provided by decision-makers directly. However, for the general preference relations, decision makers need to compare alternatives pairwise, leading to at least n(n−1)/2 or n(n−1) times of comparisons. So, Rezaei [14] proposed a novel method, called the best-worstmethod (BWM) about multi-criteria decision-making problems, to figure out subjective weight with lesser comparison data in conjunction with more consistent comparisons [15] and lesser information loss compared with AHP [25] , [29] . Simultaneously, the subjective weighting method has strong subjective arbitrariness and poor objectivity, and also increases the burden of analysis on decision makers. Hence, in view of the shortcomings of the subjective weighting method, some scholars put forward objective ones. Objective weighting methods include principal component analysis method [30] - [32] , entropy-weight method [32] - [34] , and maximizing deviation method [27] , [35] . Among them, entropy method is often used. According to the characteristics of entropy, we can judge the randomness and disorder degree of an event by calculating the entropy value, or we can judge the dispersion degree of an index by the entropy value. The greater the dispersion of the index is, the greater the influence of the index on the comprehensive evaluation. Thus, from the above discussion, it is necessary to take both into consideration the experts' own knowledge and experience, and strive to reduce the subjective arbitrariness of empowerment. Therefore, according to the advantages and disadvantages of subjective and objective weighting methods, a reasonable weighting method should be based on the inherent law of the index data and expert experience. Consequently, in this paper, criteria weight is calculated by BWM method, and index weight is computed by Entropy Weight.
In real life, due to the influence of the cognitive ability, emotion, psychology and other factors of decision makers, there will be some deviations between their actual choice in the decision-making process and the optimal choice under the theory of rational decision-making. That is to say, decision-makers often have the psychological behavior characteristics of bounded rationality. At present, multi-attribute decision making methods considering the mental behavior of decision makers have been studied by many scholars. Tversky [36] put forward prospect theory, which is considered to be the most representative behavioral decision-making theory, and has been widely applied in multi-criteria decisionmaking problems [37] - [41] . Gomes and Lima [42] propose a TODIM(an acronym in Portuguese for interactive Multi-criteria Decision Making)method based on prospect theory, and is a typical multi-criteria decision making method considering decision-maker's psychological behavior. This method sorts and optimizes alternatives by calculating their advantages over other alternatives. Since then, TODIM method has been deeply studied by many scholars. In the standard formulation, the TODIM method only deals with crisp numbers. Krohling and Souza [43] extended TODIM method to multi-attribute decision-making problems with trapezoidal fuzzy information, and proposed a new F-TODIM method. Then, it was extended to deal with intuitionistic fuzzy information [44] , intuitionistic fuzzy information in a random environment [45] , interval-valued intuitionistic fuzzy information [46] , probability distributions [47] and hesitant fuzzy [48] . To be able to compute with heterogeneous information, Fan et al. [49] proposed a mixed TODIM decision making method to deal with crisp numbers, interval numbers and fuzzy numbers at the same time. Recently, [45] pointed out an unexpected behavior of the TODIM method and states that both, the losses and the gains, should be amplified proportionally by the criterion weight and then applied to prospect function.
In conclusion, in this paper, we (1) develop an index system of Cholecystitis treatments, combined 2-tuple linguistic with quantitative data analysis, comprehensively considering subjective criteria and objective criteria; (2) for the mixed MultiCriteria decision-making problem, take into account three different forms of evaluation information, namely, multigranularity linguistic labels, crisp numbers and interval numbers, and shall utilize the 2-tuple linguistic model to unify the non-homogeneous information into 2-tuple linguistic; (3) for the unknown index and criteria weight, use the improved entropy weight method to figure out the index weight and employ the BWM method to compute subjective criteria weight; (4) calculate the prioritization of Cholecystitis treatments by using TODIM based on 2-tuple linguistic.
III. PRELIMINARIES
In this section, we shall introduce some basic concepts and definitions, including fuzzy linguistic approach and the 2-tuple linguistic representation model, which will be utilized in the following research analysis.
A. THE 2-TUPLE FUZZY LINGUISTIC REPRESENTATION MODEL
Definition 1 [13] , [50] : The symbolic translation of linguistic term s i ∈ S = s 0 , s 1 , . . . . . . , s g consists of numerical value α i ∈ [−0.5, 0.5). That supports the difference of information between a counting of information β assessed in [0, g] obtained after a symbolic aggregation operation (acting on the order index of the labels), and the closet value in {0, 1, ......, g} that indicates the index of the closest linguistic term in S (s i ).
Definition 2 [50] , [51] : Let s i ∈ S be a linguistic term, its equivalent 2-tuple representation is obtained by means of the function θ as:
Definition 3 [50] : Let S = s 0 , s 1 , · · · · · · , s g be a linguistic term set and β ∈ [0, g] be a value representing the result of a symbolic aggregation operation. Then the 2-tuple expresses the equivalent information to β. It is obtained with the following function:
where round is the usual rounding operation, has the closet index label to''β'', and ''α'' is the value of the symbolic translation. Definition 4 [50] : Let S = s 0 , s 1 , · · · · · · , s g be a linguistic term set and (s i , α) be a 2-tuple. There exists a function −1 to convert a 2-tuple into its equivalent numerical value β ∈ [0, 1] where:
It is obvious that a linguistic tem s i can be transformed into a linguistic 2-tuple (s i , 0).
Definition 5 [50]:
• Comparison of 2-tuples The comparison of 2-tuple information is performed according to an ordinary lexicographic order. Let (s k , α 1 ) and (s l , α 2 ) be two 2-tuples, then:
• Negation Operator of 2-tuples The negation operator over 2-tuples is as follows:
where g + 1 is the cardinality of
• Distance of 2-tuples [52] The distance between A: (s k , α 1 ) and B: (s l , α 2 ) is calculated as follows:
There are three 2-tuple, A: (s k , α 1 ), B: (s l , α 2 ) and C: Definition 6 [50] :
} be a set of 2-tuples and W = {w 1 , w 2 , · · · · · · , w n } be their associated weights. Then the 2-Tuple Weighted Average (2TWA) operator is as follows:
B. UNIFYING THE HETEROGENEOUS INFORMATION
In practical activities, decision-makers may have different linguistic preferences due to their different cultural backgrounds or different views on group decision-making. It seems natural for them to use different sets of linguistic terms, with different cardinalities of each label, to provide their preferences for the problem. In order to aggregate the non-homogeneous information consisting of numerical values, interval values, and sets of linguistic terms with multigranularity, Herrera et al. [13] proposed a method of aggregation to transform heterogeneous information into a basic linguistic term set(BLTS), S T . Each numerical, interval value and linguistic value can be expressed by BLTS, and F (S T ) is based on a fuzzy set. Then, Ko [53] applied this approach to housing new product planning. The process is as follows:
1) SELECTING BASIC LINGUISTIC TERM SET
We choose the linguistic term set, which is a fuzzy partition and its membership function is triangular. In this case, we shall use the fuzzy sets on a BLST, shown in Figure 1 , denoted as F (S T ), which select the basic linguistic term set with 15 terms symmetrically distributed.
2) CONVERTING THE HETEROGENEOUS INFORMAOTIN INTO F S T
Here, we shall present process of translating three different types of evaluation values into a basic linguistic term set.
Definition 7 [53] : Let S T = s 0 , s 1 , · · · · · · , s p be a basic linguistic term set (BLTS) and ς be a numerical value, ς ∈ [0, 1]. Then the numerical value ς expresses the equivalent information to F (S T ). It is obtained with the following function τ N :
where
is triangle membership function, for linguistic labels, s i ∈ S T are presented by a triangular fuzzy number.
Definition 8 [53] : Let S T = s 0 , s 1 , · · · · · · , s p be a basic linguistic term set(BLTS) and I = I L , I U be an interval value in [0, 1]. In order to perform this transformation, it is assumed that the interval value has a membership function from the fuzzy sets, as shown below:
where ε is a value in [0, 1].
Definition 9 [13] : 
where F (S T ) is the fuzzy sets define in S T ,µ I (·) and µ si (·) are the membership functions associated with the interval number I and s i , respectively. Definition 10 [13] : be expressed as a BLTS by using the following transformation function:
where F (S T ) is the fuzzy sets define in S T , µ li (·) and µ si (·) are the membership functions associated with the terms l i and s i , respectively.
C. TRANSFORMING F S T INTO 2-TUPLE LINGUISTIC VALUES
Definition 11 [13] : Letbe a fuzzy set that represents a numerical τ ( 
where the fuzzy set, F (S T ), could be obtained from
Therefore, using the function to β, we shall obtain a collective preference relation, which can be expressed with linguistic 2-tuples:
IV. THE PROPOSED SELECTION MODEL OF TREATMENT FOR CHOLECYSTITIS
The suitable treatment for cholecystitis is usually determined by a consultative panel composed of various medical experts.
So, it is a group decision-making problem to find the best alternative from all of the feasible alternatives. Actually, many problems cannot be evaluated explicitly in the selection process of treatments for cholecystitis, so accurate and imprecise information must be taken into account simultaneously. Thus, the proposed model to select treatments for cholecystitis patients is outlined with heterogeneous information, which is helpful to solving the problems of asymmetric information between doctors and patients. The general progress of the proposed model is shown in Figure 2 . The details of this model will be outlined in the rest of this section.
A. THE ESTABLISHMENT OF THE CHOLECYSTITIS TREATMENT INDEX SYSTEM
The treatment selection for cholecystitis is decided by a group of K experts, who consider both the disease conditions of patients, treatment situation and the related hospital situation. Based on expert medical opinion and analysis proposed in the literature review, treatment evaluation system for cholecystitis can be mainly measured from five aspects. It denoted by five criteria C i (i = 1, 2, ....., 5): patient's condition, treatment situation, treatment outcomes, hospital medical condition, medical equipment and resources. Moreover, there are several sub-criteria, which influence treatment evaluation system for cholecystitis. Particularly, diseased time, gallbladder condition, patient's tolerance level and age of patients are determined by experts, in the light of the extent to which treatment is suitable for the patient. Hence, treatment evaluation for cholecystitis index system, including the definition of the index, is established as shown in Table 1 . Due to the complexity of treatment and the uncertainty of information, the evaluation values of indices can be divided into multiple types, including real numbers, interval numbers, and linguistic values with multiple granularity.
B. UNIFYING THE HETEROGENEOUS INFORMATION
The evaluation problem of cholecystitis treatment involves hospital cases, experts, patients and various qualitative or quantitative evaluation indexes. Different experts may make different assessments based on their own knowledge background, different judgment criteria, and different treatment methods needed for different conditions of patients. Therefore, in this section, the evaluation information, obtained from cholecystitis cases, patients, and experts, is heterogeneous, including real numbers, interval numbers, and linguistic values with multiple granularity. Specifically, the real numbers are probability of a recurrence, and patient preference; the interval numbers are the evaluation values of treatment time, treatment expense, hospital stays, and recovery time; the linguistic labels are the evaluation values of diseased time, gallbladder condition, patient's tolerance level, age of patients, complexity of treatment, probability of a cure, severity of the complications, severity of the side effects, medical technical level, teamwork capacity, proficiency, advanced medical equipment, perfection level, medical resources. The linguistic labels are provided by experts with multi-granularity. Hence, we can get the evaluation matrix R = (r ij ) with real numbers, interval numbers, and multi-granularity linguistic. Then we shall use fuzzy linguistic approach and the 2-tuple linguistic representation model, in section 3, to transfer real numbers, interval numbers, and multi-granularity linguistic labels into 2-tuple linguistic. The process of heterogeneous information processing is as follows:
Step 1: Obtain real numbers and Transform numerical value into F (S T ).
The evaluation values of indices such as the real numbers are probability of a recurrence, patient preference in the cholecystitis treatment index system. The probability of a recurrence is the ratio of the number of recurrences to patients that undergo treatment. In this step, we can get the ratio data as the evaluation values of the one treatment indices. And patient preference was obtained by asking patients who is under treatment. Therefore, the evaluation values of these two indices do not need be aggregated. The evaluation matrix R = r ij based on c 15 and c 34 is completed. Then, we shall use (7) to transform these real numbers into F (S T ).
Step 2: Get the interval numbers and Transform interval numbers into F (S T ). The evaluation information of some indices, including treatment time, treatment expense hospital stays, and recovery time, is from clinical data for patients who had medical treatment in the hospital. Because these index data cannot be collected accurately, the index values are in the form of interval numbers. The evaluation matrix R = r ij , based on c 22 , c 23 , c 35 and c 36 , is completed. We shall use the method of range normalization to normalize the index of cost type and benefit type. Then, we shall use (8) and (9) to transform these intervals numbers into F (S T ).
Step
3: Acquire linguistic values with multi-granularity and Transform linguistic values into F (S T ).
In the actual decision-making process, experts often choose the semantic term set according to their own preferences. Furthermore, the assessment information given by experts differs from one another and these differences may emanate from the semantics of linguistic terms. According to their own experience and actual conditions, experts will evaluate some index from three aspects with linguistic labels, including the patient's condition, treatment and hospital condition. The linguistic labels index is decided by an expert group consisting of different experts with multi-granularity linguistic. Hence, applying the linguistic evaluation system, namely, a linguistic label set including several ordered linguistic terms, is determined in advance. Different experts might use different linguistic terms (or granularity) in their linguistic label set. The different linguistic label terms are applied in the linguistic form to the different experts' measurement systems. Fig. 3 shows the different linguistic terms sets that are characterized according to the membership function in the interval [0, 1]. In Fig. 3(a) , the linguistic term set {l 0 , l 1 , l 2 , l 3 , l 4 , l 5 , l 6 , l 7 , l 8 } is denoted in linguistic terms as {very low, low, medium-to-low, almost medium, medium, medium-to-high, almost high, high, very high}. In Fig. 3(b) , the linguistic term set s * 0 , s * 1 , s * 2 , s * 3 , s * 4 , s * 5 , s * 6 is denoted as {very low, low, medium-to-low, medium, medium-to-high, high, very high}. The linguistic terms in Fig. 3 (a) and (b) appear similar. However, they represented different meanings to different experts. For example, the linguistic term ''medium-to-low'' represents the lowest, most likely, and highest levels in Fig. 3 (a and b) (10) 
to transform these linguistic values into F (S T ).
Step 4: Transform the heterogeneous Information into 2-tuple linguistic information.
We shall utilize (11) and (12) to transform F (S T ) into 2-tuples. Furthermore, indices with multi-granularity linguistic are decided by a group of experts with same importance. Denote the weight of expert e k (k = 1, 2, . . . . . . , n) by w k . The weight vector of experts is w k = {1/n, 1/n, ........, 1/n}. Therefore, the evaluation values of these indices do need be aggregated. Therefore, we shall use (6) to aggregate these indices. Then, we obtain the evaluation matrix R = b ij based on 2-tuple linguistic, which b ij is 2-tuple linguistic (s i , α).
C. THE CALCULATION OF CRITERIA WEIGHTS WITH BWM MEHTOD
In this section, we shall utilize best-worst method (BWM) to weight the five cholecystitis treatment criteria, introduced by Rezaei [14] . It is one of the newest methods for solving multi-criteria decision-making problems. The steps of BWM for deriving the weights of the criteria are described [54] .
Step 1: A set of decision criteria {c 1 , c 2 , . . . . . . , c n } has to be determined.
Step 2: The best (e.g., most desirable, most important) and the worst (e.g., least desirable, least important) criteria in general are identified by the decision maker.
Step 3: According to the BWM questionnaire, the preference of the best criterion over all the other criteria should be determined by using a number between 1 and 9. The resulting best-to-others vector would be:
where a Bj indicates the preference of the best criterion B over criterion j. It is clear that a BB = 1.
Step 4: Based on the BWM questionnaire, the preference of all the criteria over the worst criterion should be determined by using a number between 1 and 9. The resulting others-toworst vector would be: 1W , a 2W , . . . . . . , a nW ) where a jW indicates the preference of the criterion j over best criterion W . It is clear that a WW = 1.
Step 5: Find the optimal weight w * 1 , w * 2 , . . . . . . , w * n by solving (13) . It should be mentioned that the optimal weight for the criteria is the one, where for each pair of w B /w j and w j /w W , we have w B /w j = a Bj and w j /w W = a jW . Considering the non-negativity and sum condition for the weights, the following problem results:
The Formula (13) 
Solving (14), the optimal weights w * 1 , w * 2 , . . . . . . , w * n and ξ * can be obtained. Then calculate the consistency ratio, using ξ * and the corresponding consistency index, as following formula:
Consistency Ratio ∈ [0, 1], values close to 0 show more consistency, while values close to 1 show less consistency. If consistency ratio ≤0.1, it implies a very good consistency. Otherwise, we should revise a Bj and a jW to make the solution more consistent. Table 2 shows the maximum values of ξ (consistency index) for different values of a BW [14] .
BWM introduced above might leads to multiple optimal solutions when the number of criteria is more than three. The improved method present in [55] can obtain optimal weights with n criteria. 
The Formula (16) can be transferred to the following linear programming problem:
Formula (17) is a linear program problem, which can obtain the only optimal weight w * 1 , w * 2 , . . . . . . , w * n . We can calculate the weight vector {w 1 , w 2 , w 3 , w 4 , w 5 } of patient's condition C 1 , treatment situation C 2 , treatment outcomes C 3 , hospital medical condition C 4 , medical equipment and resources C 5 .
D. THE CALCULATION OF INDEX WEIGHT BY ENTROPY-WEIGHT METHOD
In this section, we shall adopt the principle of objective to calculate the index weight. The entropy weight of each index is calculated as follows.
Step 1: Transform the evaluation matrix R = b ij based on 2-tuple linguistic into β ij .
Equation (3) introduced in section3 is used to transform 2-tuple linguistic into numerical value β ij . Then, we shall get the evaluation matrix R = β ij .
Step 2: Normalize the Evaluation Indexes. Normalizing the evaluation matrix in (18) , and further normalization matrix
indicators, n evaluated objects). The normalization equation is as follows:
Step 3: Compute the entropy value of index. According to the definition and calculation formula of entropy, the entropy value of the evaluation index is calculated: (19) where 
Step 4: Calculate the entropy weight of the evaluation index.
According to the entropy value of the evaluation index, the entropy weight is calculated as follows:
where E ij ∈ [0, 1], and
Equation (21) has the following problems: (1) if the entropy value H j of each index approaches 1, the slight difference between the entropy values will cause a great change in the entropy weight. [56] improved (21), as follows:
where m is the total number of indicators, H j is the entropy value of the j index. It can be seen from table 3 [56] that the improved (22) overcomes the problems of the (21), and the calculation results are reasonable, which can be applied in this study. Therefore, the entropy weights of all indices can be obtained.
E. THE PROCESS OF MULTI-CRITERIA GROUP DECISION MAKING BASED ON THE TODIM
The TODIM method based on prospect theory was proposed by Gomes and Lima [42] to support multi-criteria decision making problems. The basic principle of the TODIM method is described [57] . Recently, [45] pointed out an unexpected behavior of the TODIM method and states that both, the losses and the gains, should be amplified proportionally by the criterion weight and then applied to prospect function. Therefore, the following modification in the φ c function is suggested, as follows:
The parameter θ in TODIM is the loss attenuation coefficient, which controls the impact caused in case of losses. Smaller θindicates a higher degree of loss aversion among decision makers. If θ < 1, the effect of loss increases; if θ > 1, the effect of loss is reduced. The prospect theory suggests that individuals are more sensitive to losses than gains, suggesting that θ < 1.This parameter can greatly affect the order of alternatives. If we choose parameter θ, we are looking for an alternative to provide small losses in all standards. On the other hand, if we choose big θ, we are looking for another that offers more benefits, even if we have losses in some criteria. The selection of cholecystitis treatment is a heterogeneous multi-criteria group decision-making problem consisting of expert e k (k = 1, 2, . . . , n) , denoted by ω = {e 1 , e 2 , ..., e k }. Suppose that there exist n cholecystitis treatments A i (i =  1, 2, 3, ...., n) , denoted by A = {A 1 , A 2 , . .., A n }. In this part, we use the TODIM method based on heterogeneous MCGDM to solve the treatment selection. Because of the existence of heterogeneous information in terms of treatment evaluation, treatment evaluation system for cholecystitis can be mainly measured from five aspects, denoted by five criteria C j (i = 1, 2, ..., 5). Moreover, under each criterion, there are several indices a ij , whose values are real numbers, interval numbers, multi-granularity linguistic labels. The main procedure of the TODIM method for heterogeneous MCGDM is generalized as follows:
Step 1: Determine evaluation matrix R = (s i , α) ij based on 2-tuple linguistic.
Firstly, we shall use the method of range normalization to normalize the index of cost type and benefit type. Then, we transform the normalized hybrid decision matrix to the 2-tuple linguistic decision matrix. The process of unifying the heterogeneous Information has been described in section 4.2. Then, we obtain the evaluation matrix R = (s i , α) ij based on 2-tuple linguistic.
Step 2: We use BWM method to calculate the weight of criteria C j (i = 1, 2, ..., 5), denoted by W = {w 1 , w 2 , w 3 , w 4 , w 5 }. Then, we calculate the index weight E ij by entropy weight method, and utilize the 2TWA operator to aggregate the index's 2-tuple linguistic evaluation matrix.
Step 3: Calculate the final dominance of treatment A i over each treatment A k under each criterion C j by
where b ij and b kj are 2-tuple linguistic, and d b ij , b kj based on (5), which is a distance formula between b ij and b kj . w j is the weight of the j criterion calculated by BWM method.
Step 4: The global valor of cholecystitis treatment A i is obtained by
Step 5: Sort the cholecystitis treatment A i by their value ε i . According to value ε i , we shall sort cholecystitis treatment A i . The higher the value ε i , the better the cholecystitis treatment A i .
V. EMPIRICAL STUDY
The proposed selection model was used to solve a selection problem of treatments for cholecystitis. A particular patient with cholecystitis, denoted ''C 1'', came to Xiangya Hospital to find a treatment for her disease. Several experts in the hospital diagnosed the patient's disease and then provided four possible treatments, including laparoscopic cholecystectomy(LC), drug therapy, open cholecystectomy(OC) and percutaneous transhepatic gallbladder drainage(PTGBD), which are denoted by A 1 , A 2 , A 3 and A 4 , respectively. Cholecystitis records, patients and experts were used to evaluate the above four treatments, and to help patients understand the advantages and disadvantages of the treatment by referring to several evaluation indexes. The evaluation indices are shown in table 1.
According to the selection model of treatments for cholecystitis presented in Section 4, firstly, we get the evaluation matrix through the conditions of patient ''C 1'', the treatment, and the hospital's medical conditions. Then the cholecystitis treatments criteria weight is calculated by BWM method, and the weight of the cholecystitis treatments index is calculated by improved entropy weight method. Finally, the ranking order of the four cholecystitis treatments and the treatments selection for patient ''C 1'' can be obtained by using the TODIM method for MCGDM, proposed in Section 4.5. Furthermore, the effectiveness and reliability of the proposed model are verified by sensitivity analysis and comparison analysis.
A. EVALUATION MATRIX
The assessment information is determined from medical records, the patient and experts. The evaluation information of the patient is obtained by experts according to the condition of the particular patient ''C 1''; the original information is outlined in Table 4 .
In the light of the evaluation method proposed in Section 4.2, the evaluation matrix determined by the cholecystitis cases, patients, and experts is obtained, and the information is hybrid, including real numbers, interval numbers, and linguistic labels with multi-granularity. Firstly, we evaluate indices involving real numbers, interval numbers and linguistic labels with multi-granularity based on the proposed evaluation approach described in Section 4.2. There- fore, the evaluation matrix R = (r ij ) can be determined directly, as shown in Tables 5 and 6 . Then, we shall utilize (11) and (12) to transform heterogeneous information into 2-tuple linguistic. Indices with multi-granularity linguistic are decided by four experts. The weight vector of experts is w k = {1/n, 1/n, ....., 1/n}. Therefore, the evaluation values of these indices do need be aggregated. Therefore, we shall use (6) to aggregate these indices. Finally, we obtain the evaluation matrix R = b ij based on 2-tuple linguistic, which b ij is 2-tuple linguistic (s i , α), as outlined in Tables 7.
B. THE CALCULATION OF CRITERIA WEIGHTS WITH BWM MEHTOD FOR CHOLECYSTITIS TREATMENTS
According to the BWM method introduced in Section 4.3, we calculate the subjective weight of cholecystitis treatments criteria. Firstly, the cholecystitis treatments criteria showed in Table 1 are denoted by C 1 to C 5 ; among them, patient's condition (C 1 ) is the most important criterion, and medical equipment and resources (C 5 ) is the least important criterion, as confirmed by experts. Secondly, the pairwise comparison vectors for best and worst criteria are outlined in Tables 8 and 9 . Table 8 shows that the preference values of the best criterion (C 1 ) over criterion (C 2 ), criterion (C 3 ), criterion (C 4 ) and criterion (C 5 ) are 4, 3, 6, and 9, respectively. The preference values of criterion (C 1 ), criterion (C 2 ), criterion (C 3 ), criterion (C 4 ) over the worst criterion (C 5 ) are 9, 6, 7, and 4, respectively, which are outlined in Table 9 .
Finally, the weight vector of criteria w = {w 1 , w 2 , w 3 , w 4 , w 5 } is calculated by (17) .
From (17) defined in Rezaei's research [55] , we can get w 1 = 0.5000, w 2 = 0.1522, w 3 = 0.2029, w 4 = 0.1014, w 5 = 0.0435 and ξ L = 0.1087. Based on the BWM method, for the consistency ratio, as a BW = a 15 = 9, the consistency index for this problem is 5.23 (see Table 2 ), and the consistency ratio is 0.1087/5.23≈0.021, which implies a very good consistency.
C. THE CALCULATION OF INDEX WEIGHTS
The index weights can be calculated by utilizing the improved entropy weight method outlined in Section 4.4. Firstly, the evaluation values of cholecystitis treatments index, based on 2-tuple linguistic, are transformed into numerical value β ij . Then, they are normalized by using (3), introduced in section3. We shall get the evaluation matrix R = β ij , which is shown in Table 10 . Finally, the weight of the cholecystitis treatments index can be computed by the improved entropy weight method, which is obtained as in Table 11 .
D. SELECTING RESULT OF CHOLECYSTITIS TREATMENT BY TODIM
In this section, we will use the TODIM method, based on heterogeneous MCGDM outlined in section 4.5, to solve the treatments selection. Firstly, we shall use the method of range normalization to normalize the index of cost type and benefit type. Then, we transform the normalized hybrid decision matrix to the 2-tuple linguistic decision matrix (see Table 12 ). Secondly, we use the index weight by entropy weight method outlined in Section 5.3, and utilize the 2TWA operator to aggregate the index's 2-tuple linguistic evaluation matrix, which is obtained as in Table 13 . Thirdly, we calculate the final dominance of treatment A i over each treatment A k under each criterion C j by (24) , and the parameter θ in TODIM is usually 1, which outlined in Table 14 . Then, the global valor of cholecystitis treatment is obtained by (25) . Finally, according to value ε i , we shall sort cholecystitis treatment A i , which is obtained as in Table 15 . Hence, the most appropriate cholecystitis treatment is laparoscopic cholecystectomy (LC) for ''C1''.
E. SENSITIVITY ANALYSIS
The parameter θ in TODIM is the loss attenuation coefficient, which controls the impact caused in case of losses. Smaller θ indicates a higher degree of loss aversion among decision makers. If θ < 1, the effect of loss increases; if θ > 1, the effect of loss is reduced. The prospect theory suggests that individuals are more sensitive to losses than gains, suggesting that θ < 1. This parameter can greatly affect the order of alternatives. If we choose a θ, we are looking for an alternative to provide small losses in all standards. In order to analyze the influence of different values of θ on the ranking results, we employ different values of θ and assess the obtained ranking of the cholecystitis treatments. The specific results are outlined in Table 16 .
According to Table 16 , it is obvious that the ranking orders calculated by different values of θ are the same as in the above experimental example. It means that the ranking results are not sensitive to the values of parameter θ. That is to say, the final selection result of the sensitivity analysis is consistent with the result in our experimental example. Furthermore, Combined with the prospect theory, Kahneman and Tversky [36] verified through a large number of experiments that when θ = 2.25, it is in line with the psychological attitude of decision makers when facing risks. From Table16, we can see that, when θ = 2.25, the ranking orders are the same as in the above experimental example. Thus, although the decision-makers consider different values of θ, they all choose A 1 as the most suitable treatment. The sensitivity analysis results suggest that the ranking results of the proposed model are insensitive to the values of θ in this example. Consequently, to an extent, the robustness of the proposed model is verified.
F. COMPARISON ANALYSIS
As outlined in Section 4, the proposed model can be employed to select treatment for cholecystitis for a specific patient considering the patient's conditions, treatment conditions, and hospital status. To verify that the proposed model can be effectively and practically utilized to differentiate the most suitable treatment for specific patients with cholecystitis, we use the above empirical study to analyze some comparable methods, including heterogeneous TOPSIS [58] and heterogeneous VIKOR [59] . Table 17 outlines the ranking orders of the four treatments for the cholecystitis patient as obtained using these methods. From Table 17 , the ranking results calculated by the proposed hybrid model are the same as those computed by the heterogeneous TOPSIS and heterogeneous VIKOR methods. The validity of the proposed model is verified. Compared with the extant approaches for the selection of treatment for cholecystitis patients, the advantages of the proposed model in this study can be summed up as the follows:
(1) The proposed model combined 2-tuple linguistic with quantitative data analysis, considers both subjective and objective criteria comprehensively in the index system for cholecystitis. Then, the evaluation information is obtained from medical records, patient's sentiment, and experts on account of the patient's conditions, the treatment, and the hospital's medical status, etc., including real numbers, interval numbers, and linguistic labels with multi-granularity. Hence, this enables the treatment selection to be solved more realistically. (2) To solve the problem of TODIM scheme ranking with unknown criteria weights and index weights, BWM method and improved entropy weight method are adopted to figure out the criteria and index weights, respectively. Thus, that the criteria and index weights are reliable and more accurate at the same time. (3) With the proposed model, the prioritization of alternative treatment methods is determined by using TODIM.
TODIM method, based on the prospect theory, give full consideration to the decision maker of risk aversion, and can adjust the parameters θ to reflect preference of decision makers in decision-making. Also, it can describe the psychological behavior of decision makers. Therefore, the proposed selection model of VOLUME 7, 2019 treatments for cholecystitis patients based on TODIM is an appropriate method to solve multi-criteria decision making problems considering the psychological behavior of decision makers, and more in line with the actual decision.
VI. CONCLUSION
This paper proposed a novel selection model of treatments for cholecystitis based on hybrid MCGDM, which is helpful to solve the problem of treatment selection in the case of asymmetric information between doctors and patients. A cholecystitis treatment index system is established with subjective and objective criteria simultaneously. Also, the model utilized 2-tuple linguistic with quantitative data analysis to avoid information loss and distortion. Furthermore, to solve the problem of TODIM scheme ranking with unknown criteria and index weights, BWM method and improved entropy weight method are adopted to determine the criteria and index weights, respectively. Finally, TODIM based on heterogeneous MCGDM has been utilized to get the prioritization of cholecystitis treatments. And an empirical study of treatment selection for cholecystitis is conducted. The sensitivity analysis and comparative analysis indicate that the proposed selection model of treatments for cholecystitis patients is reliable and effective. In a word, the proposed model not only improves existing methods in the field of treatment decision-making, but also can be utilized to provide rational support to doctors or patients in the process of treatment decision-making, so this paper is helpful to the development of theory and practical application. And there are several implications for possible directions of further research. First, the information used is not comprehensive enough. To adapt to the ever-changing environment in future study, more information types of treatment selection could be considered in the proposed model. Second, we can use decision theory and recommendation algorithms to determine the severity of cholecystitis patients for hierarchical diagnosis and treatment. Third, the model can be extended to apply other decision methods, such as TOPSIS and VIKOR. Also, it can be studied by MULTI-MOORA (multi-objective optimization by ratio analysis plus the full multiplicative form) theory because of its simple computation to select treatments for particular patients. Finally, the proposed model also can be applied to other medical and healthcare decision making. He is the author of two books and more than 30 articles. His research interests include decision theory and application, remanufacturing, information management, and industrial economy.
